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Bi2Te3-based compounds are excellent candidates for the low-temperature thermoelectric application. In the

present work, a technology for fabrication of p-Bi0.5Sb1.5Te3 films with high thermoelectric efficiency on a thin

flexible polyimide substrate has been developed. The preparation of films was carried out by a flash evaporation

method. A systematic study of the transport properties (Hall coefficient, Seebeck coefficient, electrical conductivity,

transverse Nernst coefficient) over the entire temperature range of 80−400K for p-Bi0.5Sb1.5Te3 films has been

performed. The power factor (PF) for the Bi0.5Sb1.5Te3 (doped with 0.5wt%Te) film reached the value of

∼ 30 µW/cm ·K2, which is among the highest values of the PF reported in the literature to date for a film on a

flexible polyimide (amorphous) substrate. The measured thermal diffusivity along the film allowed us to accurately

estimate the figure of merit Z for p-Bi0.5Sb1.5Te3 films considering the anisotropic effect of Bi2Te3-based materials.

A significant enhancement of Z up to ∼ 3.0 · 10−3 K has been obtained for these films, which is state-of-the-art

even compared to bulk materials. This research can provide insight into the fabrication of p-type branch of the

film thermoelectric modules (FTEM), which could be a candidate for application in micro-scale thermoelectric

generators.
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1. Introduction

Recently the issue of manufacturing the microelectronic

transducers with capacity of several microwatt at relatively

high voltage for operation of small electric devices and

systems has become very relevant [1,2]. Film thermoelectric

generator (FTEG) can be perfect power source for such

purposes. It can directly generate some electric energy

from heat energy. Output capacity of such micro-devices

is within 100 nW−10mW, that is the typical capacity

range, generated from the human body surface [3–6].
For making the FTEG with acceptable characteristics the

film materials with high thermoelectric characteristics are

required [7].

Efficiency of heat conversion into electricity is defined

with thermoelectric efficiency Z:

Z =
S2σ

κ
, (1)

where S is Seebeck coefficient, σ and κ are electrical

conductivity and thermal conductivity, respectively.

Currently Bi2Te3 and its alloys are the most effec-

tive materials for a range of room temperature [8,9].
Bismuth, stibium and tellur are some of the heaviest

elements of the Periodic table, and chemical bonds be-

tween them are not particularly strong. Consequently, the

elementary cells are large, Brillouin zones and phonons

wave vectors are small. This results in naturally low

inherent thermal conductivity of lattice even in perfect

crystals, where it is limited only with anharmonic phonon-

phonon interactions [10]. Hard solution of Bi0.5Sb1.5Te3,

alloyed to level of 0.5% by weight of tellur surplus,

has maximum value of ZT ≈ 0.9 for bulk samples [8].
Tellur surplus is used for compensation of the acceptor

effect of stibium, appearing as a result of stoichiometry

shift [8].
Films based on Bi2Te3 were made using methods of

combined evaporation, molecular-beam-epitaxy, magnetron

sputtering and pulsed laser deposition [11–15]. Structural

and microstructural properties of thin films on various types

of substrates are well known in the literature [16–20].
However, the high value of Z for films based on Bi2Te3,

as for bulk crystals (Z ≈ 3 · 10−3 K−1) [21–24], was not

achieved.

In this study we use method of discrete evaporation,

that was developed by Z.M. Dashevsky for making the

multicomponent solid solution films [25]. Thin polyimide

film with thickness of ∼ 10µm was used as substrate.

Advantages of polyimide materials as the substrate are in

its low thermal conductivity (∼ 0.3W/mK), strength to

substrate heat temperature of T ≈ 700K and flexibility, that

is especially important for development of compact film

thermoelectric microgenerators [25].
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Figure 1. Crystal structure of Bi0.5Sb1.5Te3 (a) and X-ray images of films of Bi0.5Sb1.5Te3 on polyimide substrate (b).

2. Experimental part

Synthesis of materials based on Bi0.5Sb1.5Te3 was per-

formed using direct fusion of components for 10 h at

1073K in sealed quartz vessel, vacuumized to residual

pressure of 10−5 Torr. Then the vessel was removed from

a furnace and water-cooled. High purity components were

used for the synthesis. The resulting ingots were reduced

to fine powder in a ball mill under argon atmosphere.

Manufacturing of films of Bi0.5Sb1.5Te3 with higher con-

centration of holes was performed using hyperstoichiomet-

ric Pb (0.5−1.0% by mass) by means of the acceptor

effect of Pb in compositions based on Bi2Te3 [8]. The

lower concentration of holes in Bi0.5Sb1.5Te3 was observed

by introduction of hyperstoichiometric Te (0.5−1% by

mass), which is due to metal vacancies compensation

effect [8].
Films of Bi0.5Sb1.5Te3 of p-type of conductivity were

deposited using discrete evaporation method [14,25]. Sub-

strate temperature was Ts = 523K, evaporation rate —
Vp ∼ 0.1µm/min. After the process all films were annealed

in the same testing chamber at To = 623K for 0.5 h under

argon atmosphere at pressure P = 0.9 atm.

Structural analysis of films was performed at X-ray

diffractometer STOE STADI P (STOE&Cie GmbH, Ger-

many) as per modified scheme of Guinier geometry using

transmission mode (CuKα1-radiation, Ge-monochromator

(111) of Johann type; 2θ/ω-scanning, angular spac-

ing 15◦ ≤ 2θ ≤ 60◦). The initial processing of exper-

imental results was performed using PowderCell soft-

ware packages. The secondary emission electronic im-

ages were made using scanning election microscope

(HRSEM).
The unique measuring apparatus was used for studying

the transport parameters of thin films (Seebeck coeffi-

cient S, electrical conductivity σ , Hall coefficient RH and

Nernst−Ettingshausen transversal effect coefficient Q) in

a wide range of temperatures 80−400K [26]. Measuring

of Hall effect and Nernst−Ettingshausen transversal effect

was performed in static magnetic fields of up to 2 T.

Temperature measurements accuracy was 0.1−0.2K, while

magnetic field accuracy — ±3%. Measuring error of

Seebeck coefficient and electrical conductivity was 6%.

Hall effect was measured with accuracy of 8%, while

Nernst−Ettingshausen transversal effect — with accuracy

of 10%.

Study of thermal conductivity in films of p-Bi0.5Sb1.5Te3
on polyimide substrate was made using optical method,

that is described in detail in [27]. Thermal conductivity

measurement error α was ∼ 8%. The general heat

conductivity was calculated as per formula

κ = αρc p, (2)

where ρ is the monocrystal density, and c p was evaluated

as per Dulong−Petit law.

3. Results and discussion

3.1. Structural properties

Bi2Te3 and Sb2Te3 constitute the continuous series of

solid solutions [8]. Structure of Bi0.5Sb1.5Te3 consists of

five layers, that are perpendicular to z axis in hexagonal

lattice, as shown in Fig. 1, a.

Quality of studied samples after synthesis and film

deposition was evaluated using X-ray structural analysis

method. Figure 1, b shows X-ray images for films based

on Bi0.5Sb1.5Te3 on amorphous thin polyimide substrate.

Sharp and multiple diffraction peaks indicate polycrystalline
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Figure 2. Images in secondary electrons of Bi0.5Sb1.5Te3 film surface on polyimide substrate.

nature of studied samples. Peaks (006) and (0015) are

the most intensive, the similar image was observed for

films of Bi0.5Sb1.5Te3, prepared using magnetron sputtering

method [14]. This indicates the high quality of sample [00l]
texture, i.e. all studied films were oriented along substrate

plane in direction, perpendicular to crystallographic axis of c
of Bi0.5Sb1.5Te3 lattice. Diffractogram of films corresponds

to the structure type of Bi0.5Sb1.5Te3 and does not contain

foreign peaks, that indicates the single-phase nature of the

resulting samples due to small number of doping impurities

used in operation.

Figure 2 shows emission images in secondary electrons

of Bi0.5Sb1.5Te3 film surface. As shown in Fig. 2, a, there

are no pores for the studied film. Crystallites surface is

well-visible in the high magnification image in Fig. 2, b.

The image shows formation of platy grains, characteristic

for layer structures of the studied solid solution. The

average grain size for a film on amorphous substrate is

∼ 700 nm, while the size of the largest grains is up to

∼ 3µm.

3.2. Transport properties

Figure 3 shows dependencies of Hall coefficient RH (a),
Seebeck coefficient S (b), electrical conductivity σ (c) and

Nernst−Ettingshausen transversal effect coefficient Q (d)
on temperature in a range of 80−400K for films of

p-Bi0.5Sb1.5Te3, additionally alloyed with tellur (donor)
or lead (acceptor), with thickness of (3± 0.5)µm on

polyimide substrate.

For all films the Hall coefficient RH was positive over

the whole studied range of temperatures. For samples

of stoichiometric composition the value of RH, essentially

independent of temperature, is characteristic. For samples,

alloyed with tellur (donor in this case), the Hall coefficient

is slightly reducing with temperature rising.

Figure 3, b shows Seebeck coefficient S for films of

p-Bi0.5Sb1.5Te3 depending on temperature. Seebeck co-

efficient for all films has positive values in the specified

range of temperatures, that is characteristic for semi-

conductors with hole-type conductivity. Absolute value

of Seebeck coefficient for Bi0.5Sb1.5Te3 with Pb concen-

tration of more than stoichiometric one increases within

the studied range of temperature. There is no minority

carriers effect due to high concentration of carriers in

these films. Seebeck coefficient of stoichiometric film of

p-Bi0.5Sb1.5Te3 and film with Te concentration of more

than stoichiometric one reaches maximum with temperature

rise, and then starts to decrease due to minority carriers

impact.

Electrical conductivity of films of p-Bi0.5Sb1.5Te3 de-

creases with temperature rise as in metal materials

(Fig. 3, c).
Figure 3, d shows temperature dependence of Nernst–

Ettingshausen transversal effect coefficient Q in a range of

temperatures of 80−400K for films of p-Bi0.5Sb1.5Te3.

3.3. Thermoelectric properties

The table includes the measured thermoelectric charac-

teristic (Seebeck coefficient S, electrical conductivity σ

and heat conductivity κ) at T = 300K for three films of

p-Bi0.5Sb1.5Te3 with thickness of (3± 0.5)µm on polyimide

substrate. Thermoelectric parameters of bulk crystals of

p-Bi0.5Sb1.5Te3 from [23,24] are also included in the table.

Calculated thermoelectric efficiency Z for film sample with

composition of p-Bi0.5Sb1.5Te3 + 0.5%Te reached value of

Z ≈ 3.0 · 10−3 K−1 at T = 300K, that is almost equal to

value of Z for bulk samples of p-Bi0.5Sb1.5Te3.
Figure 4 shows power factor PF (S2σ ) for films of

p-Bi0.5Sb1.5Te3. Samples with Te concentration of more

than stoichiometric one have high values of power factor,

up to 30µW/cm ·K2, due to optimum position of Fermi
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Figure 3. Temperature dependencies of Hall coefficient RH (a), Seebeck coefficient S (b), electrical conductivity σ (c) and

Nernst−Ettingshausen transversal effect coefficient Q (d) for films of p-Bi0.5Sb1.5Te3 of various composition.
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Figure 4. Temperature dependencies of power factor PF (S2σ ) for films of p-Bi0.5Sb1.5Te3 of various composition (a) and comparison

of power factor PF for films of p-Bi0.5Sb1.5Te3 with data from studies [14,20,28,29] (b).
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Thermoelectric properties of films on polyimide substrate and bulk crystals of p-Bi0.5Sb1.5Te3 at T = 300K

Composition Sample type
S, σ , κ, Z · 103,

Reference
µV/K Ohm−1

· cm−1 W/m ·K K−1

Bi0.5Sb1.5Te+ 1.0%Te film 310 230 9.3 2.4

Bi0.5Sb1.5Te+ 0.5%Te film 270 420 10.0 3.0

Bi0.5Sb1.5Te+ 0.5% Pb film 170 775 11.7 1.9

Bi0.5Sb1.5Te bulk 200 1150 15.5 3.0 [23]
Bi0.5Sb1.5Te bulk 205 1020 14.5 2.9 [24]

level (close to valence band top [7]). The average value of

power factor in temperature range of 200−400K for film

of p-Bi0.5Sb1.5Te3 + 0.5%Te is ∼ 25µW/cm ·K2.

4. Conclusion

Films based on Bi0.5Sb1.5Te3 p-type of conductivity

with optimum charge carrier concentration were made

using discrete evaporation method. Process parameters of

manufacturing the films of p-Bi0.5Sb1.5Te3 on thin flexible

(polyimide) substrate were optimized.

Systematic study of transport properties of films of

p-Bi0.5Sb1.5Te3 with various composition was performed;

Hall coefficient RH, Seebeck coefficient S, electrical

conductivity σ , Nernst−Ettingshausen transversal effect

coefficient Q were measured within temperature range

of 80−400K.

Power coefficient PF (S2σ ) for a film of p-Bi0.5Sb1.5Te3,
additionally alloyed with 0.5% Te by mass, is

∼ 30µW/cm ·K2 at T = 300K.

Thermal conductivity along film of p-Bi0.5Sb1.5Te3 was

measured, that allowed to evaluate thermoelectric effi-

ciency Z. The observed value of Z ≈ 3.0 · 10−3 K−1 at

T = 300K for film of Bi0.5Sb1.5Te3 + 0.5%Te is one of

the maximum values of Z for films of p-Bi0.5Sb1.5Te3 on

amorphous substrate.

Significant increase of thermoelectric characteristic of

films of p-Bi0.5Sb1.5Te3 on thin flexible substrate opens

new possibilities for development of film thermoelectric

transducers [30].
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